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Abstract

The focus of this study was on the characterization and expression of genes encoding enzymes responsible for the synthesis and
degradation of chitin, chitin synthase (SfCHSB) and chitinase (SfCHI), respectively, in the midgut of the fall armyworm, Spodoptera
Sfrugiperda. Sequences of cDNAs for SfCHSB and SfCHI were determined by amplification of overlapping PCR fragments and the
expression patterns of these two genes were analyzed during insect development by RT-PCR. SfCHSB encodes a protein of 1523
amino acids containing several transmembrane segments, whereas SfCHI encodes a protein of 555 amino acids composed of a
catalytic domain, a linker region and a chitin-binding domain. SfCHSB is expressed in the midgut during the feeding stages, whereas
SfCHI is expressed during the wandering and pupal stages. Both genes are expressed along the whole midgut. Chitin staining
revealed that this polysaccharide is present in the peritrophic membrane (PM) only when SfCHSB is expressed. There is little or no
chitin in the midgut when SfCHI is expressed. These results support the hypothesis that SFCHSB is responsible for PM chitin
synthesis during the larval feeding stages and SfCHI carries out PM chitin degradation during larval-pupal molting, suggesting
mutually exclusive temporal patterns of expression of these genes.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction 2001), and increases mortality of Trichoplusia ni larvae

(Wang and Granados, 2000).

The peritrophic membrane (PM) is a hydrated
anatomical structure that surrounds the food bolus in
most insects. It is composed primarily of proteins and
chitin (Peters, 1992), a non-ramified water-insoluble
homopolymer of f-N-acetylglucosamine (GlcNAc). The
PM is not only important for protection of insects
against food abrasion and microorganisms, but it also
plays a vital role in digestion (Terra, 2001; Terra and
Ferreira, 2005). For example, a defective PM abolishes
digestive enzyme recycling in midguts of larvae of the
fall armyworm, Spodoptera frugiperda (Bolognesi et al.,
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Chitin is probably the most underexploited biomass
resource available on earth and its metabolism in insect
tissues is not well understood (Tharanathan and Kittur,
2003). In insects, cells present along the entire midgut or
a specialized ring of cells associated with the cardia
produce chitin. The main enzyme involved in chitin
synthesis is chitin synthase (CHS) (EC 2.4.1.16, UDP-N-
acetyl-p-glucosamine: chitin 4-f-N-acetylglucosaminyl-
transferase), which belongs to family 2 of the glycosyl-
transferases (Coutinho and Henrissat, 1999). This
enzyme catalyzes the addition of N-acetylglucosamine
to the growing chitin polymer using UDP-N-acetylglu-
cosamine (UDP-GIcNAc) as substrate. Immunocyto-
chemical analysis using wheat germ agglutinin or
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antibodies for either PM proteins or CHS revealed that
the lepidopteran PM is primarily assembled in the
anterior portion of the midgut where is expressed
predominantly (Ryerse et al., 1992; Harper and Hop-
kins, 1997; Bolognesi et al. 2001; Zimoch and Merzen-
dorfer, 2002).

The number of CHS genes in most insect species is
likely to be two, based on an analysis of the Drosophila
and Anopheles genome sequences. Based on tissue
localization of CHS transcripts, it has been proposed
that one of the CHS enzymes is responsible for synthesis
of cuticular chitin (class A CHS), whereas the other
produces the chitin associated with the PM (class B
CHS) (Tellam et al., 2000; Zhu et al., 2002; Zimoch and
Merzendorfer, 2002; Arakane et al., 2004; Hogenkamp
et al., 2005; Zimoch et al., 2005). Southern blot analysis
and BAC library screening with CHS gene probes have
indicated that in the red flour beetle, Tribolium
castaneum, there are also only two CHS genes, one
encoding a class A (CHS-A) chitin synthase and the
other encoding a class B (CHS-B) enzyme (Arakane
et al., 2004). The presence of alternate exons is one of
the unique features of genes encoding class A CHSs, a
feature that has not been identified in any of the CHS
genes encoding class B CHSs (Arakane et al., 2004;
Hogenkamp et al., 2005).

Chitin is digested by chitinase (E.C. 3.2.1.14, poly
[1,4-(N-acetyl-fS-p-glucosaminide)] glycanohydrolase) to
small soluble oligosaccharide products that are subse-
quently hydrolyzed to 2-acetamido-2-deoxyglucopyra-
noside by f-N-acetylglucosaminidases (Kramer and
Muthukrishnan, 2005). In insects, chitinases are in-
volved in cuticle turnover, nutrient digestion and PM
degradation during molting. The products of chitin
hydrolysis are recycled for the synthesis of new chitin
(Lehane, 1997). Several chitinases from insects have
been purified and their chemical, physical and kinetic
properties were characterized (Kramer and Koga, 1986;
Koga et al, 1992; Krishnan et al., 1994; Kramer and
Muthukrishnan, 2005). The cloning of several chitinase
cDNAs and genes has also been reported (reviewed in
Kramer and Muthukrishnan, 2005).

Our understanding of the coordinated regulation of
chitin synthesis and degradation in the insect midgut is
limited at present. A detailed characterization of CHS
and CHI genes and their expression in different
developmental stages and specific tissues as well as
studies of the functional significance of each gene are
needed to clarify their precise roles during development.
Moreover, chitin metabolism represents a potential
target for seclective biocidal agents because chitin is
absent in plants and vertebrates (Kramer and Muthuk-
rishnan, 1997, 2005; Kramer et al., 1997).

In this paper, we describe the cloning of CHS and
CHI cDNAs from the midgut tissue of the fall army-
worm S. frugiperda, as well as the expression patterns of

these genes in the midgut during development. The roles
of the CHS and CHI in midgut chitin metabolism,
specifically PM formation and degradation are also
discussed.

2. Material and methods
2.1. Cloning of S. frugiperda CHSB and CHI cDNAs

The chitin synthase cDNA cloned here was named
SfCHSB because it is from midgut and shares the
greatest sequence similarity with another lepidopteran
class B CHS cDNA from Manduca sexta (see Section 3;
Hogenkamp et al., 2005). To obtain the cDNA
corresponding to SfCHSB, a cDNA library prepared
from midguts of S. frugiperda feeding stage larvae in
pBluescript (Marana et al., 2001) was used as template.
For cloning of SfCHSB cDNA, we used a pair of
degenerate primers corresponding to two conserved
regions found in the catalytic domain of other insect
CHSs. These degenerate primers were the same as those
used by Arakane et al. (2004) for amplification of a
region of a CHSB gene from T. castaneum encoding the
segment in the catalytic domain between the conserved
amino acid residues FEYAIGHW for the forward
primer and another conserved sequence QYDQ-
GEDRW for the reverse primer. To extend the
sequences in either direction, additional degenerate
primers corresponding to other conserved motifs of
CHSs and gene-specific primers were used. The
sequences of these primers are presented in Table 1.
PCR reactions were carried out using the following
conditions: denaturation at 94 °C for 1 min, annealing at
4655 °C (depending on the primers used) for 1 min, and
extension at 72°C for 1-2min for 25-30 cycles as
indicated. The sequencing strategy used resulted in a
series of overlapping PCR fragments that made it
possible to assemble the DNA sequences coding for
most of the midgut chitin synthase protein. To obtain
the 5-UTR sequence of SfCHSB, PCR was performed
using DNA prepared using the midgut cDNA library as
template and the gene-specific primer, 5-TAAACGC
TGTGACCAGAGAC-3' (positions 635-654bp in the
cDNA sequence, GenBank accession # AY525599), and
the T3 primer, which corresponds to the T3 promoter
contained in the pBluescript plasmid employed for
construction of the cDNA library (Marana et al.,
2001). To obtain the 3’-UTR sequence of cDNA, PCR
was done with an oligo-(dT) adapter primer and the
gene-specific forward primer, 5-TCTCACACGCGTT
GGAGAAG-3 (positions 3380-3399 in the cDNA
sequence).

For obtaining SfCHI cDNA, total RNA was isolated
from midgut tissues of prepupae using the RNeasy
Mini Kit (Qiagen) according to the manufacturer’s
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Table 1
Primers used for the amplification of cDNA corresponding to SfCHSB and SfCHI
cDNA PCR fragment Primer

Direction* Type Sequence

SfCHSB 1 F Degenerate primer ttygartaygcnathggncaytgg
SfCHSB 1 R Degenerate primer nckrteyteneeytgrtertaytg
SfCHSB 2 F Degenerate primer tgygenacnatgtggeayg
SfCHSB 2 R Gene specific primer tgectegtgggaagttaagg
SfCHSB 3 F Gene specific primer cgactgaacacatgattgge
SfCHSB 3 R Degenerate primer aanckrtgraanarcatngc
SfCHSB 4 F Degenerate primer cargaracnaarggntggga
SfCHSB 4 R Gene specific primer ccatgaagatgtgtacttcg
SfCHSB 5 F 5" RACE Adapter ggecacgegtegactagtac
SfCHSB 5 R Gene specific primer gtgtctactacgaaggeegt
SfCHSB 6 F Gene specific primer tctcacacgegttggagaag
SfCHSB 6 R 3’ RACE Adapter gaccacgegtatcgatgtcga
SfCHI 1 F Degenerate primer gayytngaytgggartaycc
SfCHI 1 R Degenerate primer raartctccatrtcdatnge
SfCHI 2 F 5" RACE Adapter ggecacgegtegactagtac
SfCHI 2 R Gene specific primer tgaatgctetectgagetee
SfCHI 3 F Gene specific primer getgteccagtaacaagttg
SfCHI 3 R 3’ RACE Adapter gaccacgegtatcgatgtega

instructions. Reverse transcriptions were performed
with SUPERSCRIPT III RNase H-Reverse Transcrip-
tase (Invitrogen) with an oligo-(dT) primer. Degenerate
primers corresponding to highly conserved regions in
insect chitinases were also used to amplify a PCR
product corresponding to the S. frugiperda chitinase
cDNA. The degenerate and the specific primers utilized
for SfCHI cloning are shown in Table 1. The same
procedure used for SfCHSB cloning were also employed
to assemble the cDNA coding sequence for the entire
SfCHI, as well as 5'- and 3’-UTR sequences. The 5'-
UTR sequence of the SfCHI cDNA was determined by
utilizing the 5-RACE system version 2.0 (Invitrogen)
according to the manufacturer’s instructions. PCR was
carried out with an adapter primer and the following
gene-specific anti-sense primer: 5-TGAATGCTCT-
CCTGAGCTCC-3 (positions 507-526 in the cDNA
sequence, GenBank accession # AY527414). To reach
the 3’-end of cDNA, PCR was carried out by using an
oligo-(dT) adapter primer and the gene specific forward
primer, 5-TCGTTCACTCTGTCAGCTGG-3 (posi-
tions 820-839).

To confirm the ¢cDNA sequence assembled from
overlapping PCR products, the entire protein coding
regions of SfCHSB and SfCHI were amplified by PCR
reactions with the following sets of forward and reverse
primers, respectively: 5-GAATTATCTCGAATGGC
GAG-3 and 5-GTGGTTATCACGCGAAATGG-3
for SfCHSB, and 5-CCGCAACACCGCAATTG
TTC-3’ and 5-CACGCACGATTAGTCTAGGG-3
for SfCHI. The PCR cycles were performed as follows:
denaturation at 94 °C for 1 min, annealing at 58 °C for

I min and polymerization at 72°C for 4.5min using
Takara (Japan) Tagq polymerase for 30 cycles.

The amplified PCR fragments from each reaction
were subjected to electrophoresis in 1% agarose gels
containing ethidium bromide, and purified using the
Freeze ‘N Squeeze DNA Gel Extraction Spin Column
kit (Bio-Rad). The DNA fragments were subcloned into
the TOPO 4 vector (Invitrogen) and sequenced with an
automated sequencer (ABI Prism 3700) at the Kansas
State University DNA sequencing facility.

2.2. DNA and protein sequence analyses

The sequences of SfCHSB and SfCHI cDNAs were
compared with other sequences deposited in GenBank
by using the “BLAST-N"" or “BLAST-X" tools at the
National Center for Biotechnology Information (NCBI)
web site. Alignments of nucleotide sequences and
deduced amino acid sequences from cDNA clones were
done with the aid of the ClustalW software (PAM250).

2.3. RNA expression analysis by reverse transcription—
PCR (RT-PCR)

S. frugiperda larvae were purchased from Benzon
Research Lab (Carlisle, PA). Larvae were immobilized
by placing them on ice and the guts were dissected in
cold 125mM NaCl. PMs with their contents were then
separated from midgut tissue. The epithelia of three-fifth
instar larvae or prepupae were divided into three parts
of equal length (denoted as anterior, middle and
posterior portions of the midgut) and the tissues were
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immediately frozen in liquid nitrogen. The tissues were
ground using a glass tissue grinder and total RNA was
extracted utilizing the RNeasy Mini Kit (Qiagen).
Different PCR cycle numbers were previously tested to
assure that amplification was carried out in log-phase.

Total RNA was also isolated from the whole midgut
and epidermis of third instar larvae, wandering stage
larvae, prepupac and pupae. Two micrograms of total
RNA were used as templates for first strand cDNA
synthesis with an oligo-(dT) primer and the Superscript
IIT RT (Invitrogen). This cDNA was employed as a
template for amplification and detection of specific
SfCHSB and SfCHI transcripts. The primers used were:
5-CGACTGAACACATGATTGGC-3 (forward) and
5Y-TGAACTCTAACGAACCACTC-3" (reverse) for
SfCHSB, which generated a 954-bp product, and 5'-
CCGCAACACCGCAATTGTTC-3' (forward) and 5'-
CACGCACGATTAGTCTAGGG-3  (reverse) for
SfCHI, which generated a 1705-bp product. The primers
3'-ATGAAGCAGGGAGTCCTCAC-5 (forward) and
3-GCGTTTGACCTCTTCTTGGC-5 (reverse) were
utilized for monitoring the expression of transcripts
corresponding to the control ribosomal protein RpS6,
which generated a PCR product of 500 bp. The PCR
reaction was carried out in a 20 ul final volume. The
PCR program profile (23 or 28 cycles) comprised a
denaturing step at 94 °C for 1 min, annealing at 52 °C for
I min and extension at 72 °C for 1.5min. The products
of these reactions were visualized after electrophoresis in
1% agarose gel containing ethidium bromide.

2.4. Chitin staining

Midguts from third and fifth instar larvae and
wandering and prepupal stages were dissected out and
chitin associated with PM was stained with the chitin-
binding domain from a chitinase of W12 tagged with
fluorescein-isothiocyanate (FITC-CBD, New England
BioLabs, Beverly, MA), according to the method of
Arakane et al. (2005). Briefly, the midguts from all
stages were fixed in 3.7% formaldehyde/PBS (10 mM
sodium phosphate buffer, pH 8 containing 100 mM
NaCl) for 1h on ice, followed by washing three times
with PBS. For staining, the midguts were incubated for
16 h with the FITC-CBD probe using a 100-fold dilution
in PBS pH 8, at room temperature. After washing off
the excess probe, midguts from third and fifth instar
larvae were cut longitudinally and photographs were
taken of PM isolated from the epithelia. Because at
wandering and prepupal stages the PM is not intact,
instead of PM, whole midguts (with epithelia and after
longitudinal dissection) were photographed at these time
points. The fluorescence was recorded with a Leica MZ
FLIII fluorescence stereomicroscope. Photography was
done with a Nikon digital camera, Dxm 1200F. Because
no tissue permeation was performed, apparently only

the extracellular or cell surface-associated chitin would
have been labeled in this protocol.

3. Results
3.1. Cloning and sequencing SfCHSB and SfCHI

Complete cDNA sequences of SfCHSB (4.6 kb) and
SfCHI (1.6 kb) were deposited in the GenBank database
with accession numbers of AY 525599 and AY 527414,
respectively. Fig. 1 shows the nucleotide and corre-
sponding amino acid sequences of SfCHSB (Fig. 1A)
and SfCHI (Fig. 1B), where the putative transmembrane
segments (predicted by TMHMM program v5. 2.0),
potential N- and O-glycosylation sites, and potential
signal peptide sequences are indicated.

The deduced amino acid sequence of the catalytic
domain of SfCHSB was aligned with the corresponding
sequences from other insect chitin synthases. The
highest amino acid sequence identity (86%) was to the
lepidopteran CHSB from M. sexta, whereas a lower
level of identity (74%) was seen with CHSA from M.
sexta. As expected, high amino acid sequence identities
were found with other insect class B chitin synthases
(Arakane et al., 2004; Hogenkamp et al., 2005) from 7.
castaneum (TcCHS-B, GenBank accession # AAQ55061
(64%), Anopheles gambiae (AgCHS-B, GenBank acces-
sion # XP_321951 (65%) and Drosophila melanogaster
(DmCHS-B, GenBank accession # NP_524209) (62%).

Like other insect CHSs, SFCHSB has an N-terminal
domain with several membrane-spanning regions, a
central domain of high sequence identity/similarity with
putative catalytic domains of CHSs of fungi, nematodes
and other insects, and a C-terminal domain with
additional transmembrane regions characteristic of
glycosyltransferase family 2 enzymes (Coutinho and
Henrissat, 1999). The mature SfCHSB protein is 1523
amino acids-long with a molecular mass of 174 kDa and
a pl of 5.8 (predicted by the sequence analysis tools at
www.expasy.ch). The predicted protein contains the
catalytically critical sequence containing aspartyl resi-
dues as well as the motif QXXRW (GIn-Arg—
Arg-Arg-Trp, positions 869-873 in the amino acid
sequence), which are conserved in polymerizing f-
glycosyltransferases from many species (Saxena et al.,
2001).

The predicted amino acid sequence of SfCHI (Fig.
1B) includes an N-terminal catalytic domain and a C-
terminal cysteine-rich chitin-binding domain. A serine/
threonine-rich linker region connects these two do-
mains, which is probably highly O-glycosylated. The
linker region may facilitate secretion from the cell and
help stabilize the enzyme in the presence of gut
proteolytic enzymes (Arakane et al., 2003). These
domains are also present in several chitinases from
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M A RPRWPYGFRALDETESDTUDNSE
ACTTTCCTAAATTAAGAAT TATCTCGAAT GGCGAGACCAAGACCT TATGGT TTTAGGGCT TTAGAT GAGGAGAGT GATGACAATTCGGAG

L T PLHDUDNDUDLGQQRTAQEAKGWNLFREI PV
TTGACTCCGT TGCACGATGATAAT GAT GACCTAGGACAAAGAACAGCT CAAGAGGCAAAAGGATGGAATCTGT TTCGAGAGAT TCCGGT G

K K ESGSMASTAGI DFSVKI L KVILAY I F I F G
AAGAAGGAGAGT GGGT CTATGGCCT CAACT GCCGGGATAGACT TCAGT GTAAAGATCCT TAAAGT CCTGGCGTATATTTTTATATTTGGC

I VL GS AVVSKSGTLLUEFI TS QL KIKG GIKAI VHTZCN
ATAGTGCTCGGATCTGCGGT TGTGT CTAAGGGTACGCTGCTTTTTATCACATCACAACT GAAAAAGGGCAAAGCAATCGT TCACTGTAAT

R QL ELDIKOQFI TI HSLQERVTWL WAATFI AF S
AGACAGT TAGAACT GGACAAGCAGT TTATAACAAT CCAT TCGT TGCAAGAGCGT GTGACGT GGCTATGGGCAGCCT TCATAGCAT TCAGT

I PEV GV FLRSVRI CFFKTAPKPSVLQEFLTA
ATTCCAGAAGT TGGCGT TTTCT TGAGATCAGTCAGAATATGCT TCTTCAAAACAGCACCGAAGCCTTCTGT TTTACAGT TTTTGACGGCC

FVVDTLWHTI GI GL L VLZFI L PELUDVVYVKGTML
TTCGTAGTAGACACCCT TCATACAATAGGCATTGGAT TACTGGTGCT TTTCATCCTGCCAGAATTAGACGT GGT TAAAGGAACAATGCTA

M NAMCFMPGI LNAVTIRDRTUDSRYMLKMATLD
ATGAATGCTATGT GCTTCATGCCTGGAATACTAAACGCT GTGACCAGAGACCGCACGGACT CTCGATACAT GT TGAAAATGGCACTAGAT

V51IAI SAQATAFVVWPLILI KOGV SMLWTI PVATC
GTACTAGCTATCTCCGCT CAAGCCACCGCGT TCGTCGT CTGGECCT CTGCTAAAAGGECGT TAGT ATGCTCT GGACGAT TCCT GTCGCATGC

VFEFI SL GWWENFVGDI GKQWPVLEZPVQETLRTD
GTATTCATCTCACT CGGATGGT GGGAAAAT TTCGT CGGCGATATCGGAAAACAAT GGCCAGT CCTGGAACCTGTACAAGAACT TCGTGAC

N L KKTRYYTOQRVLSLWKI FI FMCCI L I S L A
AATTTAAAGAAGACTCGTTACTACACACAGAGGGTGT TGTCTTTGTGGAAGATAT TCATATTCATGTGT TGCATCCTGATATCTTTGECG

A QDDSPLSFFTEFATS GF GERFYIKVHEVRA/I
GCACAAGATGACAGCCCGCTTTCTTTCTTCACGGAGT TTGCTACTGGAT TTGGT GAGCGCT TCTACAAAGT TCATGAGGT TCGAGCGATA

QDEFEGFLGYKI MDLYFDOQMPAAWATPL WV
CAGGACGAATTTGAAGGT TTTCTGGGCTACAAAATTAT GGACT TATACT TCGAT CAAAT GCCAGCGGCAT GGGCCACCCCACT GTGGGTG

VLI VLATS Ve M A s Los Ac K L QINESETIE

GTGCTGATCCAGGTCCTGGCTTCTTTAGTCTGT TTTATGGCAAGT TTGT CTGCCTGCAAGAT TCTGATACAAAACTTCAGCTTTACATTT

AL SLV GPVTI NLLI WL CGEWIRNADZPT CAYSNT
GCGITGAGTCTTGI TGGACCT GTCACCATCAACTTGT TGATTTGGCT TTGCGECGAGAGGAACGCAGAT CCCTGCGCATATAGTAATACG

I P DY LFFDI PPVYFLI KEFVVKEMSWI WL L W
ATACCAGATTATCTGT TCTTCGACATACCACCGGT GTATTTCCTGAAGGAGT TTGTGGT GAAAGAGATGT CGTGGATTTGGTTGCTGTGG

LVSQAWVTAHNMWRSRAERLAASUDI KTLUFNRPW
CTGGT GTCGCAGGCGT GBGT GACGECCCACAACT GBCGCTCCCEEECCGAGCGT CTCGCCGCCAGCGACAAGCT CTTCAACAGECCTTGG

YCSPVLDVSMLLKNEEAEI T1 EDLKET
TACTGCAGCCCOGT CCTCGACGT CTCCATGCTGT TGAACAGAACCAAGAAT GAAGAAGCGGAAAT AACGAT AGAGGAT CTAAAAGAAACA

ESEGGSMMSGFTEATKKD I KPSDRI Y V.CA
GAGAGT GAGGGTGEGTCTATGATGAGCGGAT TTGAAGCAAAGAAAGACAT AAAGCCT TCTGACAACAT TACGAGGATATATGTCTGOGCG

T MWHETAKEEMMDTEFLIKSI L RFDEUDU QSARIR RYVA
ACTATGTGGCACGAAACGAAAGAAGAAAT GATGGACT TCTTGAAGT CTAT CCTGCGT TTCGAT GAGGAT CAGAGCGCGCGT CGCGT CGCA

QKYLGI VDPDYYELEVHI FMDDAFEVSDHS
CAGAAGTACT TGGGCATTGTAGATCCTGAT TACTATGAACT CGAAGT ACACAT CT TCAT GGACGAT GCT T TCGAAGT GTCGGACCACAGC

A DDSKVNPFVTCLVETVDEAASEVHLTNVR
GCGGACGACT CGAAAGT GAAT CCCT TCGT GACGT GT CT CGT GGAGACT GT CGACGAGGCTGCT TCAGAGGT CCATCT CACCAACGT GAGG

L RPPKKFPTWPYGGRLVWTILPGKNIKMI CHIL K
TTGAGGCCACCGAAGAAAT TCCCCACACCGT ACGECGGECCGACT GGT CTGGACT CTCCCAGGAAAGAACAAAATGATAT GCCACCTCAAA

DKSKI RHRKRWSQVMYMYYLL GHRLMDVP.I
GACAAGT CCAAAATACGACACAGGAAAAGAT GGT CTCAAGT GATGTACATGTACTACCT AT TGGBGCCACCGCCT GATGGACGT GCCGATC

S VDRKEVI AGNTYLLALUDSGDI DFIKZPTAVTL
TCAGT GGACCGCAAGGAAGT CATCGCAGGGAACACCTACT TACTGGCT T TGGACGGECGACAT TGACT TCAAACCGACAGCAGT CACGT TA

L1 DL MKIKDI KNLGAACGRI HPVGSGFMAWYQ
CTAATCGATTTGATGAAGAAGGATAAGAAT T TAGGAGCAGCGT GCGEGECGCAT CCAT CCTGT GBGCT CAGGCT TCATGGCATGGTATCAA

M F EYAI GHWLQKATIEHMI GCVLCSUZPGT CFSIL
ATGTTCGAGTACGCTATTGGT CATTGGCT GCAAAAGGCGACT GAACACAT GATTGGECTGTGTACT CTGTAGCCCTGGATGCTTCTCCCTC

1253

Fig. 1. Nucleotide and deduced amino acid sequences of: SFTCHSB (A) and SfCHI (B). The gray boxes indicate putative transmembrane segments.
Potential N- and O-glycosylation sites are pointed by open and black boxes, respectively. Potential signal peptide sequence is underlined (panel B).
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animals and microorganisms (Kramer and Muthukrish-
nan, 1997, 2005). The N-terminal region consists of a
hydrophobic leader peptide (Fig. 1B), followed by a
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FRGKALMDUDNVMKIKYTLTSHEARMHYV QY DAOQ
TTCAGAGGAAAGGCT T TGATGGACGACAACGT TATGAAGAAATATACCT TAACT TCCCACGAGGCACGACACTATGT GCAATACGATCAA

GEDRWCTLLLQRGYRVEYSAVSDAYTHTCTPE
GBCGAGGACCGT TGGT GCACGCT ACT GCT GCAGCGECGGGT ACCGCGT GGAGT ACAGCGOGGT GT CGGACGCGT ACACGCACT GCCCCGAG

HFDEFFNOQQRRRWYVZPSTLANI FDLLGSAKTLT
CACTTCGACGAGT TCT TCAACCAGCGCCGCCGCTGEGTGCCCT CCACGCT CGCCAACATCT TCGACCT GCT CGECAGCGCCAAGCTCACC

VKSNDTLYIVYQFMLIVGTVLGPGTIF

GTCAAGT CCAACGACAACAT CTCCACCCT CTATATAGT CTATCAGT TCATGT TGATAGT GGGTACGGT GI TGGEGT CCCGRECACGATCTTC

L MMGGAMNAI I QI S NAYAMMLNLVZPL VI FL
CTGATGAT GGEGGEGAGCCATGAACGCCAT CATTCAGATCAGCAACGCGT ACGCGATGATGT TGAACCTCGTACCACTCGTCATCTTCCTT

Il vCcCMTOCQSKTOQLEFLANLI TCAYAMVMMMI V
ATAGTCTGTATGACTTGT CAGT CAAAGACGCAGCTCT TCCTCGCTAACCT CATAACAT GCGCATACGCAAT GGTGATGATGATCGTGATA

v Gl vLQI VEDGWLAPSSMEFTALI FGTUFZFVT
GTGGGGATAGT TCTGCAGATAGT GGAGGAT GGATGECTGECTCCGT CCAGTATGT TCACAGCT TTAATATTCGGTACATTCTTCGTCACC

A AL HPQEI KCLILFI AVYYVTI PSMYMLLI I
GCGGCACTACACCCGCAAGAGATCAAATGT TTGT TGT TCATAGCAGT GTACTATGTAACCATCCCTAGTATGTACATGT TGT TGATCATA

Y SI CNLNNVSWGTRETZPOQKI KTAKEMMEWME QK
TACTCCATCTGT AATCTCAACAACGT ATCCT GGGGT ACCAGGGAGACACCGCAGAAGAAAACT GCTAAGGAAAT GGAAATGGAACAGAAG

E AEEAKIKIKMESOQGLI KIKLFAKGETEIKSGS S L EF
GAAGCAGAAGAAGCGAAGAAAAAAAT GGAGAGT CAGGGT TTGAAGAAGT TGT TTGCCAAGGGAGAAGAGAAGAGTGGT TCGTTAGAGT TC

S VA GLLRCMCCTNZPEDHIKUDUDLNMMOQI S HAIL
AGTGT GECGGEECCTGT TGCGATGTATGT GCTGCACCAAT CCAGAGGAT CATAAGGACGAT CTCAACAT GATGCAGATCTCACACCGCGT TG

EKI NKRLDOQLDVZPPEPTHOQPSHPHTHYVETYV
GAGAAGATAAAT AAGAGAT TGGATCAACT CGATGT CCCT CCT GAGCCGACCCACCAGCCCT CGCAT CCGCACACACACGT GGAGACGGTC

GVRDVYEDSEI STEI PKEERDUDILI NPYWI ED
GGTGTTCGT GAT TACGAAGACAGCGAGAT TTCCACT GAAAT TCCTAAGGAAGAACGAGACGACCT GATTAACCCCTACT GGATCGAGGAC

VELQKGEVDZFLTTAETNFWKUDVI DEYLTLP
GTGGAACT CCAGAAGGGCGAGGTAGACT TCCT CACCACCGCT GAGACCAACT TCTGGAAGGATGTCATCGATGAATACT TACTGCCTATT

DEDIKREI ERI RKDLIKNLRDIKMVEAFVML NS
GATGAGGACAAGCGT GAAATTGAACGT AT AAGAAAAGAT TTGAAGAACT TGCGAGATAAGATGGTGT TTGCGT TCGTGATGT TGAACTCT

L FVL VI FLLQL SQDO QLHFIKWPFG G QKSSMEY
CTGTTCGTGCTCGT CATCTTCCTGCTGCAGCT CAGCCAGGACCAGCT GCACT TCAAGT GGCCAT TCGGACAGAAGT CCAGCATGGAGTAC

DNDMNMEFI I T QDY LTULEWPI GFVEFLLZFEFTFEGS
GATAATGATATGAATATGT TCATCATAACCCAAGACTACT TAACGCTGGAACCTATCGGT TTCGTGT TCCTCCTGT TCTTCGECTCCATC

I M1 Q F TAMLEFHRLUDTLAHLILSTTI KTILDWY F S
ATCATGATCCAGT TCACCGCCATGT TGT TCCAT CECCT GGACACGCTGECCCAT CTGCTGT CCACCACCAAGCTGGATTGGTATTTCAGT

K K PDDLSDDALI DSWALTI AKDIL QRLNTDTD
AAGAAGCCGGACGACCTATCAGACGATGCGCTAATAGACT CT TGGGCGT TGACAATAGCGAAGGATCT TCAACGT CTGAACACCGACGAC

L DK RNNNEHVYSRRKTI YNLEIZKGIKTETIKPAYV
TTGGATAAACGAAATAACAACGAACACGT GTCCAGGAGGAAGACCATATATAACT TGGAGAAAGGGAAGGAAACCAAACCGECTGITATC

NLDANAKRRLTI L QNEDSELI SRLPSL GPN
AACCT CGAT GCCAACGCCAAGAGGAGATTGACT ATCCT GCAGAAT GAAGACT CAGAAT TGATCTCCCGOCT GCCATCTCTGGGACCTAAT

L ATRRATVRAI NTRRASVMAEIRRRSIOQFOQAR
TTGGCAACTCGT CGT GCCACGGT GCGT GCAATAAACACT CGACGCGCATCT GT'CAT GGCGGAGCGACGCAGGT CTCAGT TCCAAGCGCGA

PSGGSYMYNNPQNTI QL DDMVGGPSTSGUVY
CCTTCCGGGEGATCATACATGTATAATAACCCT CAAAACACGAT TCAGCT GGACCGATAT GGT CGGEEGEGEECCGT CGACGT CGGGAGTGTAC

VNRGYEPALDSUDI EDTU®PVP Iﬂ R R SV V HFTDH
GTGAACCGAGGGTACGAGCCCGCCCT GGACAGCGACAT CGAGGACACGCCCGT GOCCACCAGACGAT COGT TGTACACT TCACCGACCAT

F oA *
TTCGOGTGATAACCACCAAAATCT GACTAACAT CTCCATATTACAT TTTCTACT CTGT TACGAAACGATAAAGT TTAAAGT GTATTAAAT
AAATTGGACAGATTTGAGTAGGTTTCACGT TTGTGTTTAAATAAT T TATGAAAATAACATACCTATTGCTTTATGACCGCT TTAATATTA
AAAGAAACT CAATATATGCAT TAAAAAAAAAAAAAAAAAAAAAAAAAAA

Fig. 1. (Continued)

sequence homologous with the catalytic domain of other
insect chitinases. Signature sequences that correspond to
conserved motifs found in many family 18 chitinases are
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B
®) MRAIT L AT LPVLAVV TTAI EADS

1 GCCGCAACACGGECAATTGI T CAAAATGAGAGCGAT ACTGGCGACGT TGCCCGT CCTGECGGT CGT AACGACT GCAAT TGAAGCGGACAGC

23Z. KARI VCYFSNWAVYRPGVGRYGI EDI PVDL
91 AAAGCGCGCATAGTATGCTACTTCAGCAACTGEECGGTGI ATCGACCT GGCGT GGGTCECTACGGCATCGAGGACATCCCTGTGGACCT C

53 CTHI1 I YSFI GVTEIKSNEWVLI I DPELDVDKN
181 TGCACTCATATCATCTACTCTTTTATTGGAGICACTGAAAAGT CCAATGAAGTTCTTATTATTGACCCTGAGT TGGACGTAGACAAGAAT

88 GF SINF TJALRKSHPDVZKEFTVAVYVGGMWATETGGS K

271 GGCTTCAGCAACTTCACAGCTCTTCGCAAGTCGCACCCTGACGTCAAGT TCACCGTGGECT GTCGGTGECT GEECT GAAGGAGGATCCAAA

113 ' Y S HMV AQKQTWRVAFVRSVVDFLIKIKYDTFDGIL
361 TACTCCCACATGGT CGCACAGAAACAAACGCGAGT GBCAT TTGT TAGCGAGCGT TGTTGAT TTCTT GAAAAAATACGACT TCGATGGTTTG

143 DL DWE Y P GAADRGGSUZFSDI KDAREFLFLV QETLR
451 GACCT GGACT GGGAGTACCCTGGT GCTGCT GACCGTGGT GGT TCCTTCTCCGACAAGGAT CGGT TCCTCT TCCTCGT CCAGGAGCTCAGG

173 RA FI REKRGWELTAAVPLANZFRLMEGYHVP
541 AGAGCATTCATCAGGGAGAAGAGAGGCT GGGAACT GACTGCTGCT GTGCCACT CGCCAACTTTAGGCTGATGGAAGGT TACCACGTACCT

20 DL CQELDAI HVMSYDLRGNWAGTFADVHSPL
631 GATCTTTGOCAGGAGCTGGATGCTATACAT GTGAT GT'CGT ACGACCTGAGAGGAAACT GGGECTGGATTCGCTGAT GTGCACTCGCCGI TG

233. Y K RPHDOQQWAYEKILNVNDGLALWETEI K GTCUP SN
721  TACAAGCGTCCCCAT GACCAGTGEGCTTAT GAGAAACTGAATGT TAACGATGGT T TAGCT CTCTGGGAAGAAAAGGECT GTCCCAGTAAC

263 KL VVGI PFYGRSFTLSAGNNNYGLGT Y Il NK
811 AAGITGGTGGTCGGT ATCCCGT TCTACGECCGT TCGITCACTCTGTCAGCTGGTAACAACAACTACGECCTCGECACTTACATCAACAAG

293 EAGGGDPAPYTNAT:GFWAYYEICTEVDKEG
901 GAGCCTGGAGGTGGT GACCCAGCTCCTTACACCAACGCTACTGGATTCTGGECTTACTACGAGAT CTGTACCGAAGT CGACAAAGAAGGT

323 S GWT K KWDEHG GKT CPYAYKGTQWV GY EDUPRGEGC
991 TCAGGATGGACTAAGAAGT GGGACGAGCAT GECAAGT GCCCCTACGCCT ACAAGGGAACCCAGT GGGT CGGT TACGAAGACCCCCECGGT

38 VEI KM NWI KEKGYLGAMTWAI DMDUDUFKGTLC
1081 GIGGAGATCAACGATGAACTGGATCAAGGAGAAGEGATACCTCGGT GCTAT GACCT GEGCT ATTGACATGGATGACTTCAAAGGT CTTTGC

383 GDENPLI KLLHKHMSTYTVvPrPPPRHconNEEHPPH
1171 GGTGATGAGAATCCT CTTAT CAAGCTCCTCCACAAACATATGAGCACCT ACACCGTOCCACCACCACGCT CTGGAAATACCACT OCTACG

413 PEWARPPHEBEHBEGcPHEGEP | VHHOHARPHEHEE K

1261 CCTGAATGEGCECECCOGECCGT CGACCACGT CCEGOCOGT CCGAGCGAGAGCCAATCGT GACGACT GCAAGGECCGACCACGACCACTAAG

443 RPMKQTSKPQVVIEDDEFDIAVRPEPPK
1351 CGGCCTATGAAGCAGACGACCACTT CAAAGCCTCAAGTCGTTATT GAAGATGATGAATTT GATAT TGCCGTGAGACCTGAACCACCTAAG

473APEPVVPEPEAPESPAENEIDDHDVCNS
1441 GCACCTGAGACACCAGT GGT CCCCGAAT CCCCTGAAGCCCCAGAATCCCCTGCTGAGAAT GAGAT CGACGACCAT GATGTCTGCAACTCT

503 EEDYVPDIKI KK CTI KYWRZCVNSGIKSGMOQFTTCHPG
1531 GAAGAAGATTATGTICCCAGATAAGAAGAAATGCACCAAGT ACTGGCGCT GCGT CAACGGAAAGEGAATGCAGT TCACCT GOCACCCAGGA

533 T M F NT QL NV CDWPIDNAIKIRIOQDT CEWPE *
1621 ACAATGITCAACACGCAACT GAACGT TTGCGAT TGGECOCGACAACGCTAAACGT CAAGACTGOGAGCCCGAATAGGECGCTCTACTGGT C
1711 ATTGCAGAGATACCGTTTGATCGAAATAGCATTCT GCTTGCAAGACAGCT GATAAATTGCGTGGT AGT GCTGI GGGT TGCAAGCCCCTAT
1801 CACTGGTGACTAGACATGCATGTAGAGACATAGCT GTCACTAAAGAAGCAATTAGCAAAT GAGCATCTGT CACCCCACATGAAGCCACGC
1891 TGCAGATTATTCTCTAATGT CTATAAATCCAACAT CTGTTTTGCAAGACT CAATTTTGITAGCTTTATAAAGCTACCAT TATTTCCCCTA
1981 TTAACTCGECGITATAAAAATATTAGICAT CTCTATGEGAACACAAAGGGCCGECT AATAAACCTTTGTGT GGTCAGCCGTTGAGTGGAT T
2071 TTGATAAAATGGTATCTTTCCTTTACGCAATGAAT CATAATAATAGACGT ATTTACGAAGTTTTAGGT TACTGAACAATATTGT CGTAT T
2161 TTGITATGCAGTAACATAAT ACCCCAATGT TTTCT TGTCT ATAGT TTGTAACAGGATAGGATTAT TTGTGATGATAGGECTAGACATTTAC
2251 GGTTGTAAAAAAAAAAAAAAAAAAA

Fig. 1. (Continued)

shown in Fig. 1B and include KFMVAVGGWAEGS Muthukrishnan, 2005). In addition to these two regions
and YDFDGLDLWEYP stretches found near or in the with the highest sequence similarity, the C-terminal
catalytic site (Watanabe et al., 1993; Kramer and region of SfCHI contains a conserved chitin-binding
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domain (carbohydrate-binding module family 14, Cou-
tinho and Henrissat, 1999; Tellam, 1996; Tjoelker et al.,
2000), which includes six conserved cysteines. This motif
is not only found in other insect and nematode
chitinases, but also in some plant chitinases and related
proteins (Verheyden et al., 1995), as well as in several
PM proteins (Tellam, 1996). The amino acid sequence
similarity among the peritrophin chitin-binding domains
is not very high, but the positions of the cysteines are
hlghly conserved (CXg,gCX”,z]CX]O,]]CX12,13
CX;,C, where X may be any amino acid residue except
cysteine) (Tellam et al., 1999). The SfCHI chitin-binding
domain sequence is CX;,CXsCXqCX,CX;(C, which is
similar to the peritrophin chitin-binding domain. The
length of the mature SfCHI protein is 555 amino acids,
corresponding to a molecular mass of approximately
62kDa and a pl of 5.3, which are similar to values
determined for other insect chitinases (Kramer and
Muthukrishnan, 1997). The encoded amino acid se-
quence of SfCHI was aligned with three other lepidop-
teran chitinase sequences from S. /itura (Shinoda et al.,
2001), M. sexta (Kramer et al., 1993) and the tomato
moth, Lacanobia oleracea (Fitches et al., 2004), together
with a midgut chitinase from the sand fly, Lutzomyia
longipalpis (Ramalho-Ortigao and Traub-Cseko, 2003).
The alignment indicates that the highest sequence
identity is in the central domain (positions 21-396 in
the amino acid sequence), which includes the region
responsible for catalytic activity. SFCHI exhibits 91%
sequence identity with S. litura chitinase, 85% with L.
oleracea chitinase, and 84% with M. sexta chitinase but
only 36% with L. longipalpis chitinase.

3.2. Expression of SfCHSB and SfCHI transcripts
during development of S. frugiperda

RT-PCR experiments were carried out to analyze the
expression patterns of SfCHSB and SfCHI in the
midgut during development of S. frugiperda. Fig. 2
shows that SfCHSB is highly expressed during feeding
(third and fifth larval instars). Trace amounts of
SfCHSB transcripts were detected in the wandering
and prepupal stages. No PCR product with the size
expected for SfCHSB transcript was observed with
cDNA from the epidermis at any developmental stage
(Fig. 2). SfCHI transcripts were detected in both midgut
and epidermis in wandering larvae, prepupae and pupae,
and the peak of SfCHI expression in the epidermis
occurred at the prepupal stage. There was no trace of
chitinase transcripts in these tissues during the feeding
stages (third and fifth instars). The control experiment
showed that the levels of transcripts corresponding to
the ribosomal protein, RpS6, were approximately the
same in all samples of midgut and epidermis at all of the
developmental stages examined. Although the PCR data
are only semi-quantitative, these results indicate that

GUT

SfCHSB

SfCHI

RpSé6

Epidermis

SfCHSB

SfCHI

RpSé6

Fig. 2. RT-PCR analysis of the expression of SfCHSB and SfCHI in
the midgut and epidermis of S. frugiperda at various stages of
development including third (3) and fifth (5) instar larvae, wandering
stage (W), prepupae (PP) and pupae (P). Primers for the constitutively
expressed housekeeping gene, RpS6, were used as control. cDNAs
prepared from approximately 2 g of RNA were used as templates for
PCR reactions using gene-specific primers as described in Section 2.
After several trials to assure log-phase amplification, 23, 28 and 23
PCR cycles were carried out to amplify the fragments corresponding to
SfCHSB, SfCHI and RpS6 genes, respectively.

there are qualitative differences in the developmental
patterns of expression of SfCHSB and SfCHI genes in
the midgut. SFCHSB and SfCHI transcripts are detected
in anterior, medium and posterior portions of the
midgut (data not shown).

3.3. Presence of chitin in the PM during development

A specific chitin-binding domain fragment of a
chitinase from Bacillus circulans WL-12 coupled with
FITC was used to detect chitin in the PM of S.
frugiperda during development. Feeding stage larval
PMs had high FITC fluorescence due to chitin, whereas
the guts from wandering stage larvae and prepupae had
no detectable fluorescence indicating the absence of
chitin-containing structures such as the PM at these
developmental stages (Fig. 3). This observation was
confirmed by visualization of the midgut contents by
dissection. There were no PMs in larvae exhibiting
wandering behavior or in prepupae.
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L3 L5

w PP
Fig. 3. Chitin staining of the putative peritrophic membrane using
FITC-CBD probe. Midguts of insects at the indicated developmental
stage were stained with FITC-CBD as described in Section 2. Chitin
was visualized in PMs of third (L3) and fifth (L5) instar larval stages
but not in wandering (W) and pre-pupal (PP) stages, when chitinase is

expressed. Fluorescence was observed using a fluorescence microscope
equipped with appropriate filter (see Section 2). Bars = 0.5cm.

4. Discussion

The SfCHSB gene reported in this paper is from the
midgut and shares greater sequence similarity with other
insect CHSBs than with CHSAs, suggesting that this
gene belongs to the CHSB family. Similarly, the amino
acid sequence of the encoded protein shows greater
similarity to other insect class B CHSs than to class A
CHSs. The RT-PCR data presented in this paper
provide experimental support for the hypothesis that
the synthesis of chitin for the PM may be a major
function of class B CHSs, since the SfCHB transcripts
are present in the midgut during feeding stages, but
absent in epidermis (Fig. 2).

SfCHI cDNA encodes the domains found in several
other chitinases including the catalytic domain, cysteine-
rich chitin-binding domain and a serine—threonine-rich
linker region (Tellam, 1996; Arakane et al., 2003). The
structure of the encoded protein predicted by homology
modeling is very similar to those of other chitinases from
insects and nematodes (Kramer and Muthukrishnan,
2005). Some chitinases from plants and other proteins
with no chitinase activity (lectins from plants and
peritrophins from insects) also have chitin-binding
domains containing several cysteines, but these domains
may be located near either the N- or C-terminal ends of
these proteins (Blaxter, 1996). The function of these
domains in chitinases is presumably to anchor the
enzyme tightly onto the large insoluble polymeric

substrate, thereby facilitating the heterogeneous hydro-
lytic process (Arakane et al., 2003). In peritrophins, the
putative function of these domains is also to anchor the
protein to chitin, maintaining the PM structure (Tellam,
1996).

Chitin is present in the PM lining the midguts of S.
frugiperda feeding larvae but is absent in wandering and
prepupal stages. Terra (2001) proposed a simple
methodology to verify the presence of a PM, which is
based on the ability to grab the gut content-lining
structure with a pair of forceps. In the case of larvae in
the feeding stages, the PM was easily manipulated with a
pair of forceps. However, when the larvae were in the
wandering or prepupal stage, no midgut content lining
could be picked up with the forceps. These observations
were consistent with the results obtained using a FITC-
conjugated chitin-binding domain reporter protein
described in the present study. Chitin was visualized in
the gut of feeding stage larvae, in the PM, whereas there
was little or no chitin labeling in the midguts of
wandering and prepupal stage insects, suggesting the
absence of a PM.

The inverse patterns of expression of the SFCHSB and
SfCHI genes in the insect gut during development are
consistent with opposing physiological functions for
these enzymes. The high levels of SFfCHSB mRNA in
fifth instar larvae and its absence during the pupal stage
may indicate a role for the SfCHSB protein in the
production of the chitin-rich PM. During feeding stages,
the insect is actively digesting food and needs this
structure to protect the cells of the gut lining and to
increase the efficiency of nutrient digestion (Terra, 2001;
Terra and Ferreira, 2005). The transcripts for SfCHI
were not detected during the feeding stage, but they were
found in wandering, pre-pupal and pupal stages in both
gut and epidermal tissues (Fig. 2). The tight develop-
mental regulation of chitinase expression suggests that
the presence/absence of this enzyme might be detri-
mental to insect growth if not expressed at appropriate
times. Also, plants or microorganisms expressing
chitinases might be resistant to insects, because exposure
to this enzyme during feeding may digest their PM
(Kramer et al., 1997; Otsu et al., 2003; Fitches et al.,
2004; Lertcanawanichakul et al., 2004; Thamthiankul
et al., 2004), decreasing the efficiency of digestion and
allowing the entry of pathogens into insect tissues
(Brandt et al., 1978; Pechan et al., 2002; Rao et al.,
2004).

Therefore, we propose here that the expression of
SfCHSB and SfCHI genes is precisely coordinated to
control the synthesis of the PM during the feeding stage
and its degradation during larval-larval and larval-pu-
pal molts and this is accomplished at the level of mRNA
transcription. Whether the regulation of CHS and CHI
expression in the armyworm midgut is coupled or
independently regulated, as is the case for some yeast
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species (Selvaggini et al., 2004), is not known and will be
the focus of future studies.
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